INTRODUCTION
============

Modifications of the noncoding RNAs, ribosomal RNAs (rRNAs) and spliceosomal small nuclear RNAs (snRNAs) are thought to influence RNA folding and/or their interactions with proteins for fine-tuning the activity of ribosomes and spliceosomes. rRNAs contain numerous modified nucleotides, of which some are conserved in eukaryotes ([@B1]). Two prevalent rRNA modifications are 2′-*O*-methylation at riboses and pseudouridylation of uridines. These two types of modifications are directed by two groups of small nucleolar RNAs (snoRNAs), box C/D and box H/ACA snoRNAs. Box C/D snoRNAs have two conserved motifs, boxes C and D at the 5′ and 3′ ends, respectively. The two motifs are brought together by a 3- to 4-bp terminal stem. The motifs (box C/D) and the stem together form a kink-turn structure ([@B2]). However, box H/ACA snoRNAs have two hairpins linked by a hinge and a short tail at the 3′ end. Box H is located at the hinge, and box ACA is usually 3 nt upstream of the 3′ terminus ([@B3]).

Box C/D snoRNAs guide 2′-*O*-methylation, whereas box H/ACA snoRNAs direct pseudouridylation, both through site-specific base-pairing of rRNAs and antisense elements on snoRNAs ([@B4]). In addition to rRNAs, snoRNAs guide modifications of snRNAs. snoRNAs received this nomenclature by their ability to guide modification of rRNA and U6 in the nucleolus. However, some reports have indicated that modifications of RNA polymerase II-transcribed snRNAs occur at the nucleoplasmic Cajal body in vertebrates by a group of small Cajal body-specific RNAs (scaRNAs) ([@B5]). Whether plants also adopt scaRNAs for the modification of some snRNAs remains to be studied. To expand the understanding of the rRNA/snRNA modifications, a comprehensive snoRNA repertoire must be built by identifying additional snoRNAs.

To date, the identification of snoRNAs has been largely achieved by conventional cloning-sequencing and computational prediction based on primary genomic sequences. The cloning-sequencing approach often lacks comprehensiveness and entails technical constrains. For example, snoRNAs identified by conventional sequencing sometimes lack well-defined termini ([@B6]). With the increasing availability of genome sequence information, multiple computational programs have been developed to predict box C/D and box H/ACA snoRNAs and have revealed many snoRNAs in diverse species ([@B7; @B8; @B9; @B10; @B11; @B12]). However, computational snoRNA prediction is usually restricted to snoRNAs with known predicted targets, their secondary structures or their sequences being conserved among species. A revolutionary approach is needed for the discovery of species-specific snoRNAs and snoRNAs with noncanonical targets.

Next-generation sequencing technologies have became powerful tools for functional genomics research ([@B13]). High-throughput sequencing of short RNA fragments (18--26 nt) or RNA ends has greatly facilitated the discovery of Arabidopsis interfering RNAs and their targets ([@B14; @B15; @B16; @B17]). Although interfering RNAs contributed most of small RNA sequence data, a small proportion of small RNA fragments were derived from rRNAs, transfer RNAs, snRNAs and snoRNAs ([@B17]). Since these noncoding RNAs are usually longer than 60 bases, small RNA fragments from these transcripts likely result from RNA degradation processes and are usually discarded without further analysis. However, a recent discovery of a snoRNA-derived microRNA (miRNA) suggests that production of some small RNA fragments from these long noncoding RNAs may be through specific biogenesis pathways ([@B18]). It is thus worthwhile to further explore the hidden information in these small RNA data.

Here, by mining next-generation sequencing data, we show enriched small RNA fragments at the snoRNA termini and describe a computational approach to identify both box C/D and box H/ACA snoRNAs on the basis of this feature. In addition to revising the sequences of 48 known snoRNA transcripts, we used this approach to identify 44 novel snoRNAs. Newly predicted snoRNAs are supported by their conserved structures, conserved target sites on rRNAs and snRNAs or their expression by alternative approaches. This work presents an additional application of small RNA sequencing data in the annotation of noncoding RNAs other than interfering RNAs and further reveals the complexity of snoRNAs in Arabidopsis.

MATERIALS AND METHODS
=====================

Sequence data sets used in this study
-------------------------------------

Small RNA sequencing data obtained from various Arabidopsis genotypes, tissues and platforms were collected from the following public databases ([Supplementary Table 1](http://nar.oxfordjournals.org/cgi/content/full/gkp225/DC1)). Small RNAs cloned from Col-0 and mutants defective in small regulatory RNA pathways were downloaded from the Arabidopsis Small RNA Project database (ASRP, <http://asrp.cgrb.oregonstate.edu/>) ([@B16],[@B19],[@B20]). Small RNA data generated by the studies of Rajagopalan *et al.* and Axtell *et al.* ([@B17],[@B21]) were retrieved from NCBI Gene Expression Omnibus (GEO, <http://www.ncbi.nlm.nih.gov/geo/>). Thirteen small RNA libraries contributed by three separate studies were obtained from the Arabidopsis SBS database (<http://mpss.udel.edu/at_sbs/>) ([@B14],[@B22],[@B23]). Small RNAs ≥17 nt were pooled and mapped to Arabidopsis genome sequences released by the Arabidopsis Information Resource in 2004 (TAIR, <http://www.arabidopsis.org/>).

Known Arabidopsis snoRNA sequences were collected from the Scottish Crop Research Institute Plant snoRNA database (<http://bioinf.scri.sari.ac.uk/cgi-bin/plant_snorna/home>) ([@B24]), TAIR and GenBank (<http://www.ncbi.nlm.nih.gov/Genbank/>). The sequences overlapping with transposons annotated in TAIR8 were removed from the known snoRNA data set.

Data of parallel analysis of RNA ends (PARE) for Col-0 were downloaded from the Arabidopsis PARE website (<http://mpss.udel.edu/at_pare/>) ([@B14]).

Box C/D snoRNA prediction
-------------------------

We searched for small RNAs containing a box C motif and looked for downstream small RNAs that contain a box D motif and can form a 3--4-bp terminal stem with the upstream small RNAs. The box C should be located 4--5-nt downstream of the 5′ start of small RNAs, whereas the box D should be located 3--5-nt upstream of the 3′ terminus of small RNAs. The region defined from the start of a box C containing small RNA to the end of a box D containing small RNA should range from 65 to 300 nt and was further analyzed by the following criteria. First, the numbers of distinct small RNAs mapped to the 5′ and 3′ regions were denoted as *N*~5~ and *N*~3~. Second, the sum of *N*~5~ and *N*~3~ should be ≥3. Third, the number of distinct small RNAs mapped to the antisense strand of this region was indicated as *N~as~*. Fourth, to examine the enrichment of small RNAs at both termini, we calculated the reads (*Xinner*) of small RNAs mapped to the positions ≤5 nt to each terminus and the reads (*Xouter*) of small RNAs mapped to the positions \>5 and \<19 nt from each terminus. The enrichment index (*E*) was calculated as *E* = 0-(*Xouter*/*Xinner*).

From our analysis of small RNAs, we observed two characteristics associated with most of the known snoRNAs. First, the number of antisense small RNAs (*N~as~*) does not exceed that of small RNAs at termini (*N*~5~ + *N*~3~--*N~as~* ≥ 0). Second, small RNAs show at least 2-fold enrichment at their termini. Thus, *E* should be ≥−0.5. When no weighting of *E* was applied, a cutoff score of --0.5 (*N*~5~ + *N*~3~ + *E*--*N~as~*) recovered 114 of the known 'subgroup I' box C/D snoRNA loci (see below), as well as 14 transposon loci. To discriminate snoRNA loci from transposons, which are also rich sources for small RNAs, we applied increased weighting for the enrichment index *E*. When the weighting of *E* between 1 and 30 was empirically tested, with a weighting of 10, the 114 known snoRNA loci were retained, but transposon loci were reduced to two. Thus, a score calculated by the following equation was used to evaluate each candidate genomic region for its potential as a box C/D snoRNA locus. For overlapping snoRNA candidates, the one with the best score was selected for each region.

Box C/D snoRNAs were predicted separately in three subgroups on the basis of the motif sequences of boxes C and D described as follows. The sixth base of box C and the first base of box D in each subgroup are complementary. Subgroup I: box C: RTGA(NGA\|TGN); box D: CTGA; *ScoreCD* ≥ --0.4;subgroup II: box C: RTGATT(T\|A\|G); box D: ATGA; *ScoreCD* ≥ 3; andsubgroup III: box C: R(A\|G\|C)GATGA; box D: CTGA; *ScoreCD* ≥ 3.

The cutoff scores were determined by rounding the lowest score awarded for the known snoRNA that gave the best separation of known snoRNAs and transposons in each corresponding subgroup.

R indicates a purine base and N indicates any base. Parentheses mean either one of the letters separated by vertical lines within the parentheses. Candidates overlapping with transposons or containing highly repeated small RNAs (\>100 genomics hits) were filtered out. The computational program is available upon request.

Box H/ACA snoRNA prediction
---------------------------

A 3′ end supported by at least two distinct small RNAs containing an A(A\|T\|C)A motif located 3--4-nt upstream of the 3′ terminus was selected for further analysis. A region 110--300-nt upstream of a selected 3′ end was searched for a potential 5′ start supported by at least two distinct small RNAs. The definitions of *N*~5~, *N*~3~ and *N~as~* are as described in the prediction of box C/D snoRNAs. To examine the enrichment of small RNAs at both ends, we calculated the reads (*Xinner*) of small RNAs mapped to the positions ≤3 nt from each end and the reads (*Xouter*) of small RNAs mapped to the positions \>3 and \<10 nt from each terminus. A score calculated by the following equation was used to evaluate each candidate genomic region for its potential as a box H/ACA snoRNA locus.

A weighting of *E* between 1 and 50 was empirically tested in conjunction with the cutoff *ScoreHACA* set between 0 and 6. A combination of 30-fold *E* weighting and a cutoff score ≥6 retained 20 of 43 known box H/ACA snoRNAs. This process also reduced candidate sequences to 67 for manual structure examination with use of mfold v. 3.2 (<http://mfold.bioinfo.rpi.edu/cgi-bin/rna-form1.cgi>) ([@B25]). Candidates for box H/ACA snoRNA loci should have the folded hairpin-hinge-hairpin-tail structures being the best (lowest) free energy ones and should contain box H motifs (ANANNR) at the hinge region. The computational program is available upon request.

snoRNA target prediction
------------------------

25S rRNA and 5.8S rRNA sequences were extracted from GenBank accession X52320, and the 18S rRNA sequence was extracted from GenBank accession X16077. Except for U5, experimentally identified spliceosomal snRNA sequences were obtained from the Arabidopsis Splicing Related Gene database (ASRG, <http://gremlin3dev.gdcb.iastate.edu/SRGD/ASRG/>) ([@B26]). The U5 sequence was extracted from GenBank accession X13012.

For box C/D snoRNAs, upstream sequences of box D or D′ were searched for complementarity to Arabidopsis rRNAs or snRNAs. Potential target sites should form at least 10-bp pairing with the 11-nt region located 1-nt upstream of box D or D′ of newly identified snoRNAs. No more than 1 G:U pair was allowed in the first 10 bp. Box D′ motifs could be CNGA or NTGA, and the distance of box D′ to both termini of box C/D snoRNAs had to be at least 25 nt. If more than one target site was predicted for one antisense element, only the best site was chosen for listing in [Table 2](#T2){ref-type="table"}. The presumptive nucleotides for 2′-*O*-methylation were those paired to the fifth nucleotide upstream of box D or D′ and were further examined for sequence conservation and experimental validation of 2′-*O*-methylation in humans and yeast. Data for human and yeast snoRNAs and RNA modification sites were extracted from snoRNA-LBME-db (<http://www-snorna.biotoul.fr/>) and the yeast snoRNA database at the University of Massachusetts-Amherst (<http://people.biochem.umass.edu/sfournier/fournierlab/snornadb/>) and shown as 'Homology' in [Table 2](#T2){ref-type="table"} ([@B27],[@B28]).

For box H/ACA snoRNAs, on the basis of their structures, pair sequences from internal loops in which the top-most nucleotide was located 13--16 nt upstream of box H or ACA were extracted and searched for complementarity to rRNAs and snRNAs. A potential pseudouridylation site, together with a downstream nucleotide, should be located at the top of the internal loops and flanked by a bipartite duplex of snoRNA and target sequences. The total length of a bipartite should be at least 9 bp and 3 bp for each stem in which no more than 1 G:U pair was allowed. If more than one target site was predicted for one antisense element, only the best site was chosen for listing in [Table 3](#T3){ref-type="table"}. The presumptive nucleotides for pseudouridylation were further examined for sequence conservation and experimental validation of pseudouridylation in humans and yeast as described above.

snoRNA northern blot analyses
-----------------------------

Total RNA was extracted from 10-day-old seedlings, rosette leaves of 4-week-old plants and flowers by use of TRIZOL reagent (Invitrogen, Carlsbad, CA, USA). Ten micrograms of total RNA was separated by 6% or 15% denaturing polyacrylamide TBE-Urea gels (Invitrogen) and transferred to Hybond-N^+^ membranes (GE Healthcare, Piscataway, NJ, USA) by use of a semidry transfer cell (Bio-Rad, Hercules, CA, USA). Membranes were UV-crosslinked and then baked at 80°C for 1 h. Antisense oligonucleotides complementary to predicted snoRNAs listed in [Supplementary Table 2](http://nar.oxfordjournals.org/cgi/content/full/gkp225/DC1) were used as probes. The probes were end-labeled with \[γ-^32^P\]ATP by use of T4 polynucleotide kinase (New England Biolabs, Ipswich, MA, USA). Hybridization was performed at 42°C overnight after pre-hybridization with ULTRAhyb-Oligo buffer (Ambion, Austin, TX, USA) for at least 1 h. After two washes with 2× SSC and 0.1% SDS for 10 min each at room temperature and one wash with 0.1× SSC and 0.5% SDS for 1 min at 42°C, the membrane was exposed to Kodak BioMAX MS X-ray films for 1--3 days.

RESULTS
=======

Enrichment of small RNA fragments at the termini of known snoRNAs
-----------------------------------------------------------------

To establish the sequence relationship of snoRNAs and snoRNA-derived small RNAs, we analyzed the position of small RNAs on 204 known snoRNAs in the Arabidopsis genome. We divided known snoRNAs into 5′-end, body and 3′-end regions. The 5′- and 3′-ends are genomic regions spanning 11 bases (--5 to +6) of the previously annotated snoRNA 5′ and 3′ termini ([Figure 1](#F2){ref-type="fig"}A). For box C/D snoRNAs, the 5′ and 3′ regions accounted for an average of 22% (∼11% for each end) of the total length of snoRNAs, and the remaining 78% is the body region ([Figure 1](#F1){ref-type="fig"}B). However, on mapping the small RNAs to these snoRNAs, those with their 5′ starts mapped to the 5′ end region contributed to more than 40% of total small RNAs mapped to known box C/D snoRNAs in terms of distinct small RNAs ([Figure 1](#F1){ref-type="fig"}B). The percentage increased to 60% if read numbers were used in the calculation ([Figure 1](#F1){ref-type="fig"}B). We also found enrichment of small RNAs with their 3′ termini mapped to the 3′ end region of box C/D snoRNAs but to a lesser extent than that in the 5′ end region. For box H/ACA snoRNAs, the enrichment of small RNAs was more significant at the 3′ end than at the 5′ end, which might be due to incomplete knowledge of the 5′ ends for most box H/ACA snoRNAs reported previously ([@B6]). Figure 1.Enrichment of small RNAs at both termini of snoRNAs. (**A**) Definition of 5′-, body and 3′-end regions of a snoRNA. (**B**) The proportion of the sequence length, distinct small RNAs and total reads of small RNAs mapped to each region. (**C**) The distribution of small RNAs on a known box C/D snoRNA, U30. (**D**) The distribution of small RNAs on a known box H/ACA snoRNA, snoR74-2 with an incomplete 5′ end. Capital letters indicate the snoRNA sequences reported previously and lowercase letters indicate the flanking sequences. Short sequences are small RNAs followed by their read numbers. Conserved motifs are highlighted. Figure 2.Structures of novel box H/ACA snoRNAs predicted by small RNA sequencing data. The program of mfold was used to predict structures of newly identified snoR135, snoR139, snoR140 and snoR142 as described in 'Materials and Methods' section.

A close examination of the mapping positions of small RNAs revealed that those mapped to the 5′- and 3′-end regions of snoRNAs could accurately define the 5′ and 3′ termini of these snoRNAs. For instance, among 49 small RNA reads mapped to the 5′ end region of a box C/D snoRNA, U30, 45 reads began from the same position, which was 1-nt upstream (--1) from the reported U30 5′ terminus ([Figure 1](#F1){ref-type="fig"}C). Moreover, three of four small RNA reads mapped to the 3′-end region terminated at the same position, which was 3-nt downstream (+4) from the reported U30 3′ terminus. Of interest, a canonical 4-bp terminal stem could be successfully formed if the 5′ (--1) and the 3′ (+3) ends defined by small RNAs were adopted for the mature U30 sequence (data not shown). This terminal stem is a standard feature for box C/D snoRNAs but could not be identified in the previously reported U30 sequence.

Small RNAs also well supported the 3′ terminus of a known box H/ACA snoRNA, snoR74-2 ([Figure 1](#F1){ref-type="fig"}D), which was found to have an incomplete 5′ end in a previous report ([@B6]). A cluster of small RNAs was observed upstream of the previously reported 5′ terminus of snoR74-2. This small RNA-enriched site likely represents the true 5′ terminus of snoR74-2. Indeed, the size of snoR74-2 with the newly defined 5′ terminus was consistent with that previously observed with northern blot analysis ([@B6]). A canonical hairpin-hinge-hairpin-tail structure could also be formed for snoRNA74-2 with the extended 5′ terminus (data not shown).

Prediction of snoRNAs by small RNA data
---------------------------------------

The predominant occurrences of degraded small RNAs at the snoRNA termini prompted us to examine the possibility of using small RNA data for the annotation of snoRNAs similar to the use of expressed sequence tags to annotate genes. For this purpose, we developed a computational approach to identify snoRNAs by integrating the enriched behavior of small RNAs at snoRNA ends as described above ([Figure 1](#F1){ref-type="fig"}) and conserved features of known snoRNAs. These features include: (i) small RNAs containing conserved snoRNA motifs (i.e. box C/D or box ACA) at desired positions; (ii) pairs of 5′- and 3′-end small RNAs within the typical length of snoRNAs; (iii) the ability to form conserved structures (i.e. terminal stem or hairpin-hinge-hairpin-tail); (iv) enrichment of small RNAs surrounding the termini of predicted snoRNAs; and (v) depletion of small RNAs from the antisense strand of predicted snoRNAs. The fifth criterion was adopted to distinguish snoRNA-derived small RNAs from small interfering RNAs (siRNAs), which are abundant throughout the Arabidopsis genome ([@B17]). Details of criteria used for predicting box C/D or box H/ACA snoRNAs are described in 'Materials and Methods' section.

We divided the box C/D snoRNA prediction into three subgroups based on specific combinations of box C and box D. Boxes C and D are brought together by a terminal stem, and the sixth nucleotide of box C is opposite to the first nucleotide of box D ([@B2]). The pairing of these two nucleotides, together with neighboring pairings, form a short stem that is essential for the binding of nucleolar proteins ([@B29]). Currently, without the constrains of base-pairing of these two nucleotides, algorithms used to predict box C/D snoRNAs usually evaluate the box C and box D motifs independently. By considering the co-occurrence of these two base-pairing nucleotides in different subgroups (GC or AT pairs) as described in 'Materials and Methods' section, our algorithm may improve the sensitivity and specificity of box C/D snoRNA prediction.

With our approach, we could identify 124 of 161 known box C/D snoRNAs and 27 candidates for novel box C/D snoRNAs ([Tables 1](#T1){ref-type="table"}and [2](#T2){ref-type="table"} and [Supplementary Tables 3 and 4](http://nar.oxfordjournals.org/cgi/content/full/gkp225/DC1)), which indicates the robustness of the small RNA-aided prediction methodology. Among the 37 known box C/D snoRNAs not identified by our approach, most lacked small RNA fragments mapped to their 5′ end and/or 3′ end. The under-representation of these small RNAs might be due to the higher stability or lower expression of these snoRNAs in the sequence libraries we used in the current analyses. The prediction results also amended the 5′ and/or 3′ termini of 30 known box C/D snoRNAs ([Supplementary Table 3](http://nar.oxfordjournals.org/cgi/content/full/gkp225/DC1)). The newly annotated sites deviated \>3 nt from the termini reported previously.

Our small RNA-based approach also successfully identified 20 of 43 known box H/ACA snoRNAs ([Table 1](#T1){ref-type="table"}). We could not identify the remaining known box H/ACA snoRNAs by our approach mostly because of the absence or under-representation of small RNAs at snoRNA ends. The mapping of small RNAs successfully extended the 5′-end boundaries of 18 known H/ACA snoRNAs ([Supplementary Table 3](http://nar.oxfordjournals.org/cgi/content/full/gkp225/DC1)), which were originally found to lack complete 5′ ends ([@B6]). The resulting full-length snoRNA sequences are thus able to form intact hairpin-hinge-hairpin-tail structures (data not shown). Therefore, our method of defining the 5′ ends by small RNAs will greatly improve the current annotations of box H/ACA snoRNAs. Moreover, 17 candidates of novel box H/ACA snoRNAs were revealed by our prediction method ([Supplementary Table 4](http://nar.oxfordjournals.org/cgi/content/full/gkp225/DC1)) and showed structural resemblance to known box H/ACA snoRNAs ([Figure 2](#F2){ref-type="fig"}). Furthermore, similar to known box H/ACA snoRNAs, the 5′ termini of the newly predicted box H/ACA snoRNAs have 1 or 2 nt protruding from the 5′ hairpin ([@B3]). Table 1.Number of snoRNAs identified by small RNA sequencing datasnoRNAKnownNovelBox C/D124 (30)/16127    Subgroup I114 (26)24    Subgroup II8 (3)2    Subgroup III2 (1)1Box H/ACA20 (18)/4317[^1][^2] Table 2.Characteristics of novel box C/D snoRNAs predicted by small RNA sequencing dataNameSize (nt)Location[^a^](#TF1){ref-type="table-fn"}Target site[^b^](#TF2){ref-type="table-fn"}Homology[^c^](#TF3){ref-type="table-fn"}U27-284IGR, clusterAm42/U6 (D)Am47 (Hs: mgU6-47)Am28/18S (D′)Am27 (Hs: U27); Am28 (Sc: snR74)U46-179Intron of At3g51800Am2246/25S (D)Am3739 (Hs: U46); Am2256 (Sc: snR63)U46-283IGR, clusterAm2246/25S (D)Am3739 (Hs: U46); Am2256 (Sc: snR63)snoR102-21653′ UTR of At4g30993Gm41/U5 (D)snoR113103IGRGm1446/25S (D′)snoR11488IGRGm1191/25S (D)Gm1590/18S (D′)snoR115-168IGR, clusterUm602/18S (D′)snoR115-269AS of At1g18740, clusterUm602/18S (D′)snoR11686IGR, clusterUm123/18S (D′)Um121 (Hs: mgh18S-121, Z17B)snoR11772IGR, clusterUm2103/25S (D′)snoR11893IGR, clusterCm1280/25S (D′)snoR11975Intron of At5g01350, clusterAm778/18S (D′)snoR12074IGR, clusterUm44/25S (D)snoR12185IGRCm1510/25S (D)Cm2409 (Hs: mgh28S-2409)snoR12274AS of At1g18740, clusterUm168/18S(D′)Um172 (Hs: U54A)snoR123a80Intron of At4g31980, clusterUm2483/25S(D′)snoR123b79Intron of At4g31980, clusterUm2483/25S(D′)snoR12468IGR, clusterGm244/18S(D′)snoR125200IGRAm31/U2 (D)Am30 (Hs: mgU2-19/30)snoR1261055′UTR of At5g65860Gm75/U6 (D)Gm84/U6 (D′)snoR127138Intron of At5g27720Gm20/U2 (D′)Gm19 (Hs: mgU2-19/30)snoR12892IGR, clustersnoR12988IGR, clustersnoR130120Intron of At3g07860snoR13177IGR, clustersnoR13282IGR, clustersnoR13392IGR, cluster[^3][^4][^5][^6][^7]

Our results indicate that the methodology we developed could effectively identify both known and novel snoRNAs and could efficiently improve the annotation of snoRNAs.

Validation of predicted snoRNAs by PARE data and northern blot analysis
-----------------------------------------------------------------------

Two distinct approaches were used to verify the authenticity of snoRNAs predicted by our methodology. We first cross-examined our results of the 5′ termini of snoRNAs with a high-throughput data set of 5′ ends sequenced by PARE ([@B14]). PARE revealed the 5′ ends of uncapped transcripts and was first developed to identify miRNA targets. Although most plant pre-snoRNAs are independently transcribed by RNA polymerase II or excised from introns ([@B30]), the activity of endonucleases and exonucleases is required for the production of mature snoRNA 5′ ends in yeast ([@B31],[@B32]). Therefore, similar to the cleavage products of miRNA target mRNAs, snoRNAs are likely to be cap-free and could be targets of PARE analyses. Indeed, we found that the PARE reads corresponding to the 5′ termini of many known snoRNAs could surpass those of known miRNA targets (data not shown).

To validate whether our prediction results really reflect the 5′ termini of endogenous snoRNAs, we then extracted PARE reads at positions of snoRNA 5′ termini predicted by small RNAs and their neighboring sequences. The frequency of occurrence at each position was then plotted against the relative positions to the predicted 5′ terminus for each snoRNA. As shown in [Figure 3](#F3){ref-type="fig"} and [Supplementary Table 5](http://nar.oxfordjournals.org/cgi/content/full/gkp225/DC1), both known and newly predicted box C/D and box H/ACA snoRNAs had the highest PARE reads at the predicted 5′ termini or the +/--1 positions. This finding indicates the high accuracy of our method to predict the 5′ termini of snoRNAs. The analysis also suggests that the snoRNA species predicted by our method are expressed thus exist in the sequence libraries used for the PARE analysis. Figure 3.Validation of the predicted snoRNA 5′ ends by PARE data. The positions of predicted 5′ ends of 151 box C/D snoRNAs and 37 box H/ACA snoRNAs were set as 0. Positions upstream of the predicted 5′ ends were set as negative values and downstream as positive values. The read number of 5′ ends starting at each position (--10 to 10) was normalized to the total PARE read number of the 21-nt region. A gradient of red color was used to represent the frequency of 5′ ends starting at each position.

We also examined the sizes and expression of several newly predicted snoRNAs by northern blot analysis. The sizes of eight box C/D snoRNAs are consistent with those predicted by our computational analyses. All these snoRNAs could be detected in the tissues examined, including 10-day-old seedlings, 4-week-old leaves and flowers ([Figure 4](#F4){ref-type="fig"}A). Northern blot analysis also validated the predicted sizes of six novel box H/ACA snoRNAs ([Figure 4](#F4){ref-type="fig"}B). In addition to a band at the expected size, a probe complementary to snoR139 revealed a transcript with a slightly larger size, which could be derived from pre-snoR139 or was a result of cross-hybridization of a closely related species. Similar to box C/D snoRNAs, five novel box H/ACA snoRNAs had similar expression level among the three tissues. Of note, snoR129 and snoR139 were the only two snoRNAs with noticeably lower expression in leaves than in other tissues. Figure 4.Northern blot analysis of novel snoRNAs predicted by small RNA sequencing data. (**A**) Aliquots of 10 μg total RNA for each lane were separated on 15% TBU gel for the northern blot analysis of eight new box C/D snoRNAs. snoR128: 92 nt; U46-1: 79 nt; snoR123b: 79 nt; snoR119: 75 nt; snoR127: 138 nt; snoR129: 88 nt; snoR125: 200 nt; U27-2: 84 nt. (**B**) Aliquots of 10 μg total RNA for each lane were separated on 6% TBU gels for the northern blot analyses of six new box H/ACA snoRNAs. snoR141: 151 nt; snoR140: 142 nt; snoR143: 171 nt; snoR145: 145 nt; snoR135: 141 nt; snoR139: 150 nt; Spliceosomal snRNA U6 was used as the loading control. S, 10-day-old seedlings; L, rosette leaves; F, flowers.

Both PARE data and northern blot analysis verified the prediction of snoRNAs by small RNAs, which suggests that small RNA data can be used to precisely predict the 5′ end and full-length sizes of snoRNA species.

Genome organization of loci encoding novel snoRNAs
--------------------------------------------------

We next investigated whether the new snoRNA loci exhibit unique features in their genome organization. The results summarized in [Tables 2](#T2){ref-type="table"}and [3](#T3){ref-type="table"} indicate that 37 of 44 novel snoRNAs are produced from intergenic regions or introns, as most known Arabidopsis snoRNAs are. In some cases, snoRNAs reside in genes with related functionality for the modification of rRNAs or snRNAs. For example, previous results showed that two box C/D snoRNAs, U60.1 and U60.2, are located in the intron of two genes encoding fibrillarins, which are nucleolar proteins associated with box C/D snoRNAs ([@B33]). In our study, snoR140 is clustered with a known box H/ACA in the intron of a gene encoding an H/ACA ribonucleoprotein complex subunit 2-like protein (At5g08180). Moreover, a new box C/D snoRNA, snoR127, which was predicted to target the spliceosomal snRNA U2, is located in the intron of At5g27720, which encodes a protein similar to small nuclear ribonucleoprotein. In addition to the introns of genes involved in translation or splicing, novel snoRNAs are also found to locate in introns of genes encoding a nuclear DNA-binding protein and three unknown proteins.

Five novel snoRNAs are located in the regions annotated as the 5′ untranslated region (UTR), the 3′ UTR, the coding region or the antisense strand of a coding gene. All these genes are annotated to encode unknown proteins, except for the one producing snoR126. The transcript of snoR126 is part of the 5′ UTR or the alternative-spliced intron of a gene encoding an ankyrin repeat family protein (At5g65860).

Targets of novel snoRNAs
------------------------

Among 27 newly predicted box C/D snoRNAs, 21 were predicted to target rRNAs or snRNAs on the basis of the target prediction criteria described in 'Materials and Methods' section ([Table 2](#T2){ref-type="table"}). The methylation sites of some target sites are evolutionarily conserved and have been experimentally validated in yeast and/or humans. Five new box C/D snoRNAs were predicted to target spliceosomal snRNAs. Among them, snoR126 has dual antisense elements that may target two neighboring sites on the spliceosomal snRNA U6. Several snoRNAs with dual targets on the same rRNAs were proposed to interact with both sites simultaneously ([@B34]). snoR126 may be another example of concurrent targeting of a snoRNA to a single snRNA species. Two sites individually targeted by snoR125 and snoR127 on the spliceosomal snRNA U2 are conserved in humans and Arabidopsis. The modifications of these two sites have been experimentally validated in humans ([@B35]). However, a scaRNA, mgU2-19/30, is the guide RNA responsible for the methylation of these two sites ([@B36]). That snoR125 and snoR127 target U2 implies that they are potential scaRNAs in Arabidopsis.

All, but one, novel box H/ACA snoRNAs were predicted to target rRNAs or snRNAs ([Table 3](#T3){ref-type="table"}). Roughly 60% of box H/ACA snoRNAs have potential targets for both antisense elements. This is similar to the previous finding that, for 50% of Arabidopsis box C/D snoRNA, both D and D′ have potential targets ([@B34]). The pseudouridylation of 13 predicted target sites have been experimentally validated in yeast and/or humans. Both newly predicted snoR103-2 and previously reported snoR103-1 were predicted to target two sites of snRNA U5 ([Table 3](#T3){ref-type="table"}) ([@B6]). Pseudouridylation of equivalent sites on human U5 was experimentally validated and predicted to be directed by three scaRNAs ([@B37; @B38; @B39]). Among them, human Ψ46/U5 is presumably directed by U85 and U89 ([@B37],[@B39]), whereas Ψ43/U5 is directed by ACA57 ([@B38]). Interestingly, human U85 and U89 are composed of both box C/D and box H/ACA motifs while snoR103-1 and snoR103-2 contain only the box H/ACA motif. Arabidopsis snoR143 was predicted to direct U2 Ψ38 modification ([Table 3](#T3){ref-type="table"}). The equivalent site of human U2 was guided by a scaRNA ACA45 ([@B38]). A recent paper demonstrated that a small fraction of ACA45 is processed by Dicer to generate a small RNA with miRNA-like function ([@B18]). Such phenomenon was not observed for snoR143 in the current data sets we analyzed. Table 3.Characteristics of novel box H/ACA snoRNAs predicted by small RNA sequencing dataNameSize (nt)Location[^a^](#TF4){ref-type="table-fn"}Target site[^b^](#TF5){ref-type="table-fn"}Homolgy[^c^](#TF6){ref-type="table-fn"}snoR80-2140IGR, clusterΨ1130/25S (P1)Ψ999/25S (P2)Ψ990 (Sc: snR49)snoR80-3138IGR, clusterΨ1130/25S (P1)Ψ999/25S (P2)Ψ990 (Sc: snR49)snoR86-2142IGR, clusterΨ2555/25S (P1)Ψ360/18S (P2)Ψ406 (Hs: U71)snoR97-2134IGR, clusterΨ2964/25S (P1)Ψ2707/25S (P2)Ψ4263 (Hs: ACA2)snoR103-2132Intron of At4g30680Ψ50/U5 (P1)Ψ46 (Hs: U85, U89)Ψ47/U5 (P2)Ψ43 (Hs: ACA57)snoR134144IGR, clusterΨ1104/18S (P1)Ψ1192/18S (P2)Ψ1248 (Hs: ACA13); Ψ1191 (Sc: snR35)snoR135141At2g46192 (ncRNA), clusterΨ2181/25S (P2)Ψ3674 (Hs:unknown); Ψ2191 (Sc: snR32)snoR136155IGR, clusterΨ2833/25S (P2)Ψ4390 (Hs: E3)snoR137146IGRΨ1208/18S (P1)snoR138156IGRΨ1479/18S (P1)snoR139150IGR, clusterΨ762/18S (P1)Ψ815 (Hs: ACA28); Ψ759 (Sc: snR80)snoR140142Intron of At5g08180, clusterΨ677/18S (P1)Ψ1215/18S (P2)snoR141151IGR, clusterΨ1050/25S (P1)Ψ1769 (Hs: ACA9); Ψ1042 (Sc: snR33)Ψ2093/25S (P2)snoR142154IGR, clusterΨ26/U6 (P1)Ψ31 (Hs: ACA65)Ψ2884/25S (P2)Ψ4441 (Hs: ACA1)snoR143171CDS of At1g31835Ψ38/U2 (P2)Ψ37 (Hs: ACA45)snoR144144IGR, clusterΨ1897/25S (P1)Ψ1255/25S (P2)snoR145145At2g46192 (ncRNA), cluster[^8][^9][^10][^11][^12]

Of note, no rRNAs or snRNAs are identified as potential targets of seven new snoRNA we identified ([Tables 2](#T2){ref-type="table"}and [3](#T3){ref-type="table"}). This finding could be due to the more stringent criteria we applied in the target prediction. Alternatively, these snoRNAs might target RNA species other than rRNAs or snRNAs.

DISCUSSION
==========

Our analysis of more than 30 million reads of small RNA data revealed enriched small RNAs at termini of snoRNAs. By the use of a computational approach integrating this characteristic and conserved motifs/structures of snoRNAs, we could re-annotate 48 known snoRNAs and identify 44 novel snoRNAs in the Arabidopsis genome. The newly identified snoRNAs especially expand the knowledge of Arabidopsis box H/ACA snoRNAs, snoRNAs targeting snRNAs for modification and snoRNAs without canonical targets. This study describes the first application of small RNA data in the study of snoRNAs that are 70--300-nt long. With our successful application, small RNA data are new resources for the discovery and annotation of snoRNAs. Our work also demonstrates that, with appropriate mining tools, the analysis of small RNA data generated by next-generation sequencing will increase our understanding of longer noncoding RNAs in addition to miRNAs or siRNAs.

The observation of small RNA fragments enriched at snoRNA termini raises the questions of how these small RNAs are generated and whether they have biological functions. snoRNA ends might be protected from degradation because they and/or their neighboring sequences, which contain conserved motifs, are bound by nucleolar proteins. Alternatively, there might be unknown RNA degradation or RNA processing pathways that prefer to direct endonucleolytic cleavage near snoRNA ends. For example, the production of miRNA-like small RNAs from a human box H/ACA snoRNA depends on Dicer, the RNase III enzyme responsible for the biogenesis of miRNAs and siRNAs ([@B18]). Further studies will help to determine whether small RNAs from Arabidopsis snoRNA termini are generated from similar pathways and have silencing activity similar to the miRNA-like small RNA from the human snoRNA.

Similar to the use of expressed sequence tags to annotate genes, the use of small RNAs to identify snoRNAs may help uncover snoRNAs with atypical motifs or structures. Nevertheless, the abundance of snoRNA-derived small RNAs may heavily depend on the tissues sampled and the depth of small-RNA sequencing. To decrease the false-positive rate, our approach required at least two distinct small RNAs to support the potential termini of snoRNAs. Some known snoRNAs missed by our approach have only single small RNAs at each terminus or only small RNAs for one of the termini. This drawback can be overcome by integrating small RNA data with other snoRNA-predicting computational programs based mainly on genomic sequences. For example, single small RNA fragments can be used as seeds to initiate the computational prediction of snoRNAs. The relaxation of the number requirement of small RNAs at termini will likely increase the prediction sensitivity of our algorithm.

The presence of small RNAs may replace the knowledge of known targets and evolutionary conservation, which was usually required in previous prediction programs. This information will especially improve the discovery of snoRNAs that do not target rRNAs and snRNAs or are species specific. The utilization of small RNA data may also allow for the search for noncanonical snoRNAs with less stringent thresholds for conserved motifs/structures. Our method could be easily adapted for the annotation of snoRNAs in species other than Arabidopsis.

The 5′ termini of snoRNAs identified by small RNA data were validated by PARE data, which were generated from high-throughput sequencing of 5′ termini of transcripts lacking the 5′ cap ([@B14]). According to the experimental procedure in generating PARE data, the 5′ termini sequenced by PARE technology theoretically should come from transcripts with poly(A) tails ([@B14]). As mature snoRNAs lack poly(A) tails, PARE reads from 5′ ends of snoRNAs might have been generated from low-efficiency annealing of the dT priming oligo to the 3′- end of the RNA transcripts. Since the 5′ termini of most snoRNAs have been sequenced more than 50 times in the PARE data set, PARE data provide a great opportunity to study the maturation of snoRNA 5′ termini ([Supplementary Table 5](http://nar.oxfordjournals.org/cgi/content/full/gkp225/DC1)). The analysis of PARE reads and snoRNA genes may reveal clues to understanding how the snoRNA 5′ termini are defined and how precise the maturation is. Although PARE was first developed to identify miRNA targets, PARE data also facilitate the annotation of other non-coding RNAs and, potentially, their maturation process.

Our results increase the number of snoRNAs targeting snRNAs from 4 to 12 and thus provide more candidates for the study of this group of snoRNAs ([Tables 2](#T2){ref-type="table"}and [3](#T3){ref-type="table"}). The predicted target sites on Arabidopsis U2, U5 and U6 for newly identified snoRNAs have previously been validated in *Vicia faba* or *Pisum sativum* ([@B40]). Among these 12 snoRNAs, nine were predicted to target RNA polymerase II-transcribed snRNAs, U2 and U5, and are presumably localized in the Cajal body as human scaRNAs. However, the localization of plant scaRNAs and the determinants of their localization have not been well characterized. Moreover, our study did not identify any potential Arabidopsis scaRNAs with the signatures for both box C/D and box H/ACA scaRNAs as were previously described for U85, U87, U88 and U89 in humans ([@B37],[@B39]).

In contrast to the intergenic localization of most Arabidopsis snoRNAs targeting rRNAs, eight of the nine snoRNAs targeting U2 and U5 are located in genes ([Tables 2](#T2){ref-type="table"}and [3](#T3){ref-type="table"}). This finding suggests that snoRNAs targeting snRNAs may evolve differently from those targeting rRNAs in Arabidopsis. Further investigation of snoRNAs with snRNA targets in other plant species such as rice and poplar may shed light on snoRNA evolution.

Our current target prediction failed to yield rRNA or snRNA targets for six box C/D snoRNAs and one box H/ACA snoRNA. Although snoRNAs largely target rRNAs or snRNAs for modification, in rare cases, box C/D snoRNAs target tRNAs for methylation or pre-mRNA for alterative splicing ([@B41],[@B42]). When including tRNAs in the target search for the newly identified box C/D snoRNAs without identified rRNA/snRNA targets, none of these snoRNAs could target tRNAs on the basis of the criteria we applied (data not shown). We have also performed genome-wide target prediction for all new box C/D snoRNAs. With our current criteria, hundreds to thousands of potential target sites throughout the genome could be identified (data not shown). More stringent criteria should be applied, but with only one preceding report of mRNA targeted by snoRNAs, deriving such criteria remains immature.

Because of the decreasing cost and increasing throughput, next-generation sequencing is becoming a popular or even a regular approach to profile mRNAs or small RNAs in a genome-wide scale. RNA degradation is a crucial process to regulate RNA homeostasis within a cell. Therefore, degraded RNA fragments will be seen in any RNA sequence data set to various degrees. As demonstrated in this study, the mining of degraded RNA sequence data can provide unforeseen opportunities to study noncoding RNAs.
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[^1]: The denominators of known snoRNAs are the total numbers of snoRNAs reported in previous studies.

[^2]: The numbers of snoRNAs with predicted 5′ and/or 3′ ends deviating more than 3 nt from those in previous reports are in parentheses.

[^3]: ^a^The location of snoRNAs is described as IGR (intergenic region), AS (antisense), UTR (untranslated region) and intron of coding genes.

[^4]: Cluster indicates potential polycistronic snoRNA.

[^5]: ^b^The target site is indicated as the methylated nucleotide followed by its position on rRNAs or snRNAs.

[^6]: The location of antisense elements that are complementary to rRNAs or snRNAs is indicated in parentheses as D or D′.

[^7]: ^c^Homology indicates equivalent nucleotides on which methylation has been experimentally validated in humans (Hs) and/or yeast (Sc). Equivalent nucleotides are followed by snoRNAs guiding the modification in parentheses.

[^8]: ^a^The location of snoRNAs is described as ncRNA (noncoding RNA), IGR, CDS (coding region), and intron of coding genes.

[^9]: Cluster indicates potential polycistronic snoRNA.

[^10]: ^b^The target site of new box H/ACA snoRNAs is indicated as a pseudouridine, followed by its position on rRNAs or snRNAs.

[^11]: The location of antisense elements that are complementary to rRNAs or snRNAs is indicated in parentheses as P1 (the 5′ internal loop) or P2 (the 3′ internal loop).

[^12]: ^c^Homology indicates equivalent nucleotides on which pseudouridylation has been experimentally validated in humans (Hs) and/or yeast (Sc).
